Background: Carious lesions are formed by a complex process of chemical inter-
Results: In order to detect any demineralization and carious versus sound pit and fissure enamel, the spectral data sets are analyzed by the proposed scheme to demonstrate the utility of generalized 2D correlation spectra. Potential applications of this 2D correlation approach are then explored. The Raman spectra in the normal tissue showed thepresence of vibrational bands in 437.87 cm -1 , 581.89 cm -1 , 953.89 cm -1 and 1054.73 cm -1 with smaller intensity than in the carious spectra. Image construction from the peak intensity produced chemical maps of apatite concentration.
Introduction

D
ental caries continue to be a common chronic disease among various population groups. Patient care can be improved with detection at the earliest stage. However, current techniques like visual, tactile and radiographs do not have sufficient sensitivity and specificity. The visual method cannot help in detecting the caries in its Original very early stage and discoloration of pits, and fissure can be misinterpreted as caries. The tactile method holds the potential to transmit cariogenic bacteria from one site to another and also may produce irreversible traumatic defects in potentially remineralizable defects.
The commonly used methods of radiographs are a two-dimensional image of a three-dimensional object. Because of this, sometimes interpretation becomes difficult. Many of these limitations have been overcome by subtraction radiography but still correct projection geometry is mandatory. The difficulty of reliably diagnosing early lesions of caries is well documented, let alone more extensive lesions [1] [2] [3] . The profession has for too long relied on good vision and clinical acumen for the clinical and radiographic diagnosis of caries. The use of new systems and techniques in the diagnosis of caries, if properly applied, can improve reliability, let alone aid in the detection of early demineralisation, which may not be clinically apparent. In addition, new diagnostic modalities allow early lesions of caries to be quantified, thereby creating the opportunity to monitor caries progression or resolution by remineralisation. Such developments reduce the reliance on subjective visual examination; although, this is still a key skill supplemented from time to time by radiographs creating opportunities for a preventative rather than the now outdated "drill-and-fill" approach to the management of caries [4] [5] [6] . This paper introduces new optical caries detection methods and a fingerprinting technique, thus materials are identified by comparing their characteristic vibrational spectra for the diagnosis of caries, mathematical formalism is proposed to obtain two-dimensional correlation spectra from any transient or time-resolved spectra having an arbitrary waveform. The 2D spectra obtained by this method can accentuate useful information often obscured in the original timeresolved spectra. This development opens up the possibility of introducing the powerful and versatile capability of 2D correlation analysis to much wider ranges of applications including complex reaction kinetics, electrochemistry and photochemistry. Further extension to other areas of spectroscopy, such as UV, Raman and ultra-fast time-resolved spectroscopy should also be quite straightforward.
The basic scheme for generating two-dimensional correlation spectra from perturbationinduced dynamic fluctuations of spectroscopic signals is similar to that already described. The general experimental approach used in 2D correlation spectroscopy is shown in Figure 1 . When an external perturbation (stimulus) is applied to a system, various chemical constituents of the system are selectively excited. The excitation and subsequent relaxation processes to the equilibrium are monitored with electromagnetic probes. Typical spectral changes observed under dynamic perturbation are the variation of intensities, shift of spectral band positions and the change in the shape of peaks. The monitored fluctuation of spectral signals is then transformed into two-dimensional spectra by using a correlation method. As pointed out 
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Human Teeth Caries Detection Using Raman Spectroscopy previously, the conceptual scheme to induce a dynamic spectrum described in Figure 1 is a very general one. It does not specify the physical nature or mechanisms through which the applied perturbation affects the system. There are, of course, many different types of external perturbations which could be used to stimulate a system of interest. For example, various molecular-level excitations may be induced by electrical, thermal, magnetic, chemical, acoustic or mechanical excitations [7] [8] [9] [10] .
Each perturbation affects the system in a unique and selective way, governed by the specific interaction mechanisms relating to the macroscopic stimuli and microscopic or molecular responses of individual system constituents. The type of physical information contained in a dynamic spectrum, therefore, is determined by the selection of perturbation method and electromagnetic probe. The interpretation of specific physical information obtained by the 2D correlation analysis, however, is beyond the scope of this paper. In order to emphasize the general applicability of the proposed 2D correlation method to a wide variety of spectroscopic problems, discussion on the subject of a specific relationship between the applied physical stimulus and dynamic spectra representing the system response is intentionally omitted. Thus, the fluctuation of spectral signals is treated on purely phenomenological grounds as a simple set of multivariate time.
Materials and Methods
A real-time NIR Raman system is shown in Figure 2 . It consists of five components: light source, light delivery, Raman probe, signal delivery and signal detection (spectrometer).
The filtered light was reflected from a front surface mirror and focused onto the sample by an f/2 biconvex glass lens. An identical lens was used to collect the scattered light. Spectra of human teeth were obtained in vivo using Raman system with the tissue sample at the focal point of the collection lens (P = 100 mW,t = 5 min.).
Spectral Data Processing
The acquired Raman spectra were pre-processed to remove artifacts caused by background fluorescence and intensity fluctuations. Using near-infrared excitation (785 nm) radically reduces the observance of sample auto-fluorescence to remove while-noise or other fine-scale structures from spectra. The 10-point moving average method was used in this study to smooth the spectra. Finally, all spectra were area normalized for intensity consistency at the region between 300 and 2000 cm −1 . All data processing was conducted using 2D-crosscorlation algorithm.
Cross-correlation Algorithms
Synchronous two-dimensional correlation spectrum is constructed from a dynamic spectrum. A one-dimensional reference spectrum is also provided at the top and side of the 2D map and the deviations from the mean values of Raman intensity at different wave numbers. The correlation-coefficient plot always has a constant value of unity at the diagonal position which provides no useful spectral information. The spectral information content may be supplemented by multiplying the correlation coefficient by variances of spectral intensity Figure 2 : Block diagram of the integrated real time Raman spectrometer system for human teeth evolution and diagnosis measured at two wave numbers. This operation produces a 2D plot of the covariance of spectral intensities. Such a plot may be considered as a continuous form of the variancecovariance matrix of spectral intensities plotted over the entire spectral range.
Let us consider a time-dependent fluctuation of spectral intensity y (v, t) observed for a period of time between -T/2 and T/2. The spectral variable v can be any appropriate physical variable, e.g. Raman shift. The dynamic spectrum is formally defined as [11, 12, 13] .
where y(v) is the reference spectrum.
Cross-correlation Function
The two-dimensional cross-correlation function between different spectral intensities observed for a period T is given by T:
where τ is the correlation time and the dynamic spectral data, the synchronous 2D correlation spectrum can be directly computed as:
which is equivalent to the time average of the product of dynamic spectral intensities measured at two wave numbers. This feature becomes especially useful if the time-dependent spectral data are collected at irregular time intervals. Computation of the asynchronous 2D correlation spectrum, on the other hand, still requires the Fourier transform of dynamic spectrum.
Disrelation Spectrum
One of the convenient ways to circumvent the requirement of transforming spectral data into the Fourier domain is to compute a special type of asynchronous spectrum called the two-dimensional disrelation spectrum, Λ(v l , v 2 ). The magnitude of the disrelation spectrum is directly calculated from a set of synchronous correlation intensities as:
The use of the disrelation spectrum becomes especially attractive if the main purpose of 2D analysis is simply to differentiate overlapped peaks by taking advantage of the high-resolution feature of 2D spectroscopy.
In this case, only Eq. 3 needs to be evaluated since the information on temporal relations of spectral variations is not important.
Results and Discussion
Raman spectroscopy is a form of vibrational spectroscopy. It provides biochemical characterization of hydroxyapatite, the major mineral component of tooth enamel, i.e. biochemical confirmation of caries. It quantifies carious sensitivity. Difference in the morphology of sound and carious enamel rod causes shifts in Raman peaks of PO vibrations. This is due to loss of enamel crystalline orientation, i.e. induced structural changes during the carious formation process. Figure 3 shows a worksheet designed for raw data Raman spectroscopy collected continuously from the sample (sound and carious teeth) and the signal processing used for carious detection.
So far, we have demonstrated that carious enamel can be distinguished from sound enamel at micro spectroscopic level using the intensity changes of the hydroxyapatite Raman bands. Raw data Raman spectra are not corrected for background fluorescence of sound and carious tooth are illustrated in window 1, window 2 and window 3, respectively i.e. Figure 3 . Decayed teeth are classified into two classes; moderate (window 3) and severed carious (window 2). In windows 4, 5 and 6, the collected Raman spectra after noise reduction using 10 moving average filter. The comparison of sound enamel and carious enamel spectra is presented in windows 7 and 8. Window 9 illustrates the signature Raman spectrum of carious position.
The major hard component of teeth is dentine which is bound by cementumat, the root and a thin layer of enamel at the exposed crown. As with bone, these materials are composed of approximately 70% inorganic apatite within an organic matrix that is predominantly collagen. Smaller concentrations of protein, lipids and peptides are PO present. Enamel, the hardest tissue in human body, has the lowest concentration of organic matter and does not contain any collagen. Many researchers have studied teeth in an effort to relate composition and microstructure to their functions and mechanical properties. For example, it has been shown that susceptibility to caries is dependent on the concentration of carbonate and fluoride. As with bone, NIR Raman spectroscopy can provide information on both the mineral and the organic components of teeth. Figure 4 illustrates the use of Raman microscope to examine the enamel-dentine junction of excised teeth. As expected, enamel spectra were dominated by apatite peaks at 437.87 (OP0 bend), 581.89 (OP0 bend),953.89 (PO stretch for PO [3] [4] ) and 1054.73 cm -1 (PO asymmetric stretch). Image construction from the intensity of 997.37cm -1 peak produced chemical maps of apatite concentration.
Carbonate and phosphate bands identified at 1100-1000 cm -1 indicated that the concentration of carbonates increased from enamel to junction.
Visual and tactile examinations are used to detect caries so that infected tissue may be removed. This is subjective and diagnosis is hindered by the natural variation of colour and hardness of healthy teeth. Raman spectroscopy is less sensitive to colour variation and provides diagnostic information based on the biochemical and inorganic composition of the tissue.
The Raman signal was also accompanied by a broad luminescence which the authors attributed to organic matter from micro- Raw data Raman spectra are not corrected forsound, and carious tooth are illustrated in window 1, window 2 and window 3,respectively. The decayed teeth are classified into two classes; moderate (window 3) and severed carious (window 2). In windows 4, 5 and 6, the collected Raman spectra after noise reduction using 10 moving average filter. The comparison of sound enamel and carious enamel spectra is presented in windows 7 and 8. Window 9 illustrates the signature Raman spectrum of carious position.
biological metabolism that provided a direct measurement of bacterial infection ( Figure  4 ). The phosphate peak at 952 cm -1 was used to quantify mineral content, while the luminescence at 1129 cm -1 was used to classify caries as shown in Figure 4 . The trends of increased luminescence and decreased mineralization were also identified, to a lesser degree, in spectra of initial-stage caries. It was noted that this technique is only effective for surface examination due to the poor penetration depth of the excitation Light. The larger sampling depth obtained with the fibre probe indicates that the region beyond caries lesion and into the healthy enamel layer was possibly measured in the Raman spectra. As such, any spectral contribution from the carious lesion is gradually diminished in the overall spectrum in turn resulting in slightly decreased degree of spectral discrimination between sound and carious enamel.
Caries begin on tooth enamel, which has hydroxyapatite (HA) as its main component. When a solution containing fluoride comes in contact with HA, OH-ions may be replaced by F-ions resulting in the formation of fluoridated apatite.
This compound is found both in enamel and dentin [14, 15] . Raman spectroscopy shows the chemical structure of the tissue. As mentioned before, the observed enamel and dentin peaks related to the inorganic components ~960cm -1 (phosphate apatite) and ~575 cm -1
(attributed to fluoridated apatite), both with greater intensity in enamel, confirm its higher mineral content. Raman spectroscopy of carious and non-carious teeth revealed reduction of the intensity of peaks from inorganic components, but were not statistically significant. The changes in the Raman peak of phosphate between sound and carious enamel, in this study were observed as a significant reduction only for the 960 cm -1 (phosphate apatite), peak in dentin caries. Analysis of Raman caries peaks in enamel and dentin showed a statistically significant difference at Carbonate and phosphate bands identified at 1000-1200 cm -1 increased in carious, we observed a significant increase in intensity of bands at 1250-1600 cm -1 in severed carious The maximum intensity of the chroniccariousdentin, due to the luminescent baseline is 8 times greater than the sound dentin.
status.
Properties of 2D Correlation Spectra Synchronous Spectrum
The synchronous 2D correlation spectrum of dynamic spectral intensity variations represents the simultaneous or coincidental changes of spectral intensities measured at v l and v 2 . Figure 3 shows a typical example of a synchronous 2D correlation spectrum plotted as a contour map. A synchronous spectrum is a symmetric spectrum with respect to a diagonal line corresponding to spectral coordinates v 1 = v 2 . Correlation peaks appear at both diagonal and off-diagonal positions. The intensity of peaks located at diagonal positions corresponds to the autocorrelation function of spectral intensity variations observed during a period T. The diagonal peaks are therefore referred to as auto peaks.
Cross peaks located at the off-diagonal positions of a synchronous 2D spectrum represent the simultaneous changes of spectral signals at two different wave numbers. Such a synchronized change, in turn, suggests the possible existence of a coupled or related origin of the spectral intensity variation. It is often useful to construct a correlation square joining the pair of cross peaks located at opposite sides of a diagonal line drawn through the corresponding autopeaks to show the existence of coherent variation of spectra intensities at these wave numbers. While the sign of autopeaks is always positive, the sign of cross peaks can be either positive or negative. The sign of synchronous cross peaks becomes positive if the spectral intensities at corresponding wave numbers are either increasing or decreasing together as functions of time during the observation period. On the other hand, the negative sign of cross peaks indicates that one of the spectral intensities is increasing while the other is decreasing.
Asynchronous Spectrum
Figures 5 and 6 show an example of an asynchronous 2D correlation spectrum. The asynchronous spectrum of dynamic spectral intensity variations represents sequential or unsynchronized changes of spectral intensities measured at v 1 and v 2 . The spectrum is anti symmetric with respect to the diagonal line. The asynchronous spectrum has no auto peaks consisting exclusively of cross peaks located at off-diagonal positions.
By extending lines from the spectral coordinates of cross peaks to corresponding diagonal positions, one can construct asynchronous correlation squares. An asynchronous cross peak develops only if the intensities of two This feature is especially useful in differentiating overlapped bands arising from different spectral origins or moieties. Thus, spectral intensity contributions from different components of a mixture, from materials in different phases or from chemical functional groups experiencing different effects due to some external field could be discriminated. Even if bands are located close to each other, as long as the temporal signatures or the patterns of timedependent variation of spectral intensities are substantially different, asynchronous cross peaks will develop among them. The appearance of asynchronous cross peaks indicates that these bands arise from different sources or functional groups in different molecular environments.
The sign of asynchronous cross peaks can be either negative (as indicated by the shaded areas) or positive. The sign of an asynchronous cross peak becomes positive if the intensity change at v 1 occurs predominantly before v 2 . It becomes negative, on the other hand, if the change occurs afterwards.
Disrelation Spectrum
The property of a disrelation spectrum is surprisingly similar to that of an asynchronous 2D correlation spectrum. A disrelation spectrum is an anti-symmetric spectrum consisting of positive and negative cross peaks very much like the example spectrum shown in Figure 7 . Disrelation cross peaks represent separate or independent variations of spectral intensities for all Fourier frequency components of the dynamic spectrum probed during the observation. Cross peaks develop only if the intensities of the individual spectral elements do not vary simultaneously. The temporal relationship deduced from the sign of the cross peaks is similar to that of asynchronous peaks, although disrelation peaks tend to emphasize the sequence of events occurring at higher Fourier frequencies. Thus, even though a disrelation spectrum is not quite the same as Λ(v l , v 2 ), it often is an excellent approximation. The major advantage of using a disrelation spectrum is that it is directly calculable from φ(v l , v 2 ).
In the correlation of Diagnodent readings with Raman peaks observed a negative and significant correlation only between the ~575 cm -1 and ~960 cm -1 peaks and dentin caries. The lower the intensity of these inorganic components, the higher the value obtained in Diagnodent readings in dentin, which concluded that the depth of dental caries has greater influence than the mineral loss on Diagnodent readings.
In order to determine the degree of variability between the characteristic Raman spectra of each type of tissue, the 2D correlation algorithm, as discussed before, are used to detect ten statistically different peaks in the region of 200 the 1300 cm -1 as shown in Figure 7 . Figure 7 shows a typical example of a synchronous 2D correlation spectrum plotted as a contour map. A synchronous spectrum references about the corresponding molecular structure of this vibration symmetric spectrum with respect to a diagonal line corresponding to spectral coordinates (Raman spectrum of sound teeth at position 1 = Raman spectrum of sound teeth at position 2). Correlation peaks appear at both diagonal positions. The intensity of peaks located at diagonal positions corresponds to the autocorrelation function of spectral intensity variations observed during a period T. The diagonal Peaks are therefore referred to as autopeaks. In the Raman spectrum of sound teeth, there is one auto peaks located at the spectral coordinates 953.87. The intensity of autopeaks of a synchronous correlation spectrum, which is always positive, represents the overall extent of dynamic fluctuations of spectral intensity with respect to the intensity of the reference spectrum observed at the specific wave number during the period T. Thus, regions of a dynamic spectrum which change intensity to a greater extent will show stronger autopeaks, while those remaining constant give little or no autopeaks.
Asynchronous cross peak develops only if the intensities of two dynamic spectral intensities vary out of phase as shown in Figures 5  (a) , (b) (Raman spectrum of reference sound teeth and Raman spectrum of carious teeth detection).
This feature is especially useful in differentiating and diagnosing overlapped bands arising from different spectral origins or moieties. Thus, spectral intensity contributions from different components of a mixture, from materials indifferent phases or from chemical functional groups experiencing different effects due to some external fields could be discriminated as in carious Raman spectrum. As Human Teeth Caries Detection Using Raman Spectroscopy Figure 7 : Raw data Raman spectra are not corrected of sound and carious tooth are illustrated in window 1, window 2 and window 3, respectively as in Fig. 3 . The decayed teeth are classified into two classes, moderate (window 3) and severed carious (window 2). In windows 4, 5 and 6, the collected Raman spectra after data noise reduction using 10 moving average filter and normalization. 2D cross-correlationof sound enamel (w7), moderate carious (w9) and severed carious enamel (w8).
long as the temporal signatures or the patterns of time-dependent variation of spectral intensities are substantially different, asynchronous cross peaks will develop among them. The appearance of asynchronous cross peaks indicates that these bands arise from different molecular vibrations.
The sign of an asynchronous cross peak becomes positive if the intensity changes at Raman spectrum of reference sound teeth and Raman spectrum occurs predominantly before Raman spectrum of carious teeth. It becomes negative, on the other hand, if the change occurs after Raman spectrum of carious teeth. Figure 5 indicates that the intensity changes (either an increase or a decrease) at bands Raman spectrum of carious teeth after the reference one. So far, we have demonstrated that carious enamel can be distinguished from sound enamel at micro-spectroscopic level using the intensity changes of the hydroxyapatite Raman bands. We proceeded to investigate the suitability of a fiber optic Raman probe and 2D cross-correlation algorithm for caries detection. A more complete understanding of the relationship between different modes and the integrated intensities can be gained by examining the intensity changes across the entire experimental data set. The intensity of peaks located at diagonal positions corresponds to the autocorrelation function of spectral intensity variations observed during a period T shifted from the center as carious decayed increased as shown in Figure 5 (a).
These changes in integrated peak intensity of the full data set of Raman spectra for unknown teeth can be examined via 2D correlation analysis as discussed before. If the modes are fluctuating in a truly independent fashion, then the time evolution of the four Raman modes should be non-correlated. Figure 8 shows two teeth (E1, E2) trained to use the 2D correlation analysis. The examined 2D correlation analysis is a powerful tool of carious detection. If the examined tooth is decayed, the Raman modes will be anticorrelated at the carious position as shown in figure indicating that changes in the vibrational features are not inversely related. This non-correlation of the data implies that the modes themselves are fluctuating in a truly independent fashion. The scanned normal teeth Raman spectra demonstrated that a strong correlation exists between the Stokes bands and all the vibrational modes after the spectra were normalized prior to analysis in an attempt to compensate for the changes in total intensity. There is no anti-correlation presence between the modes in the spectrum.
This apparently surprising result may be readily explained by the fact that the dynamic spectra shown in Figures 4 and 7 are chosen in such a way that they represent responses by an identical system to two very different spectrums giving us the response transfer function of the system as calculated and illustrated in Table 1 . The severedd carious teeth spectrum shown in figure response with respect to sound one are 0.1033, while the calculated response of moderate carious is 0.3202. 
Conclusion
In this study, we explored the potential of using Raman spectroscopy for the early detection and characterization of enamel carious and demonstrated the detailed information that could be obtained from Raman spectra 2D cross-correlation algorithm; this technique has the potential to provide both qualitative and quantitative diagnostic information in a non-destructive and timely fashion. This in-formation might be used both for diagnostic screening and the study of disease progression so that optimal treatment methods may be developed and monitored. A generalized two-dimensional correlation method for IR, Raman, and other types of spectroscopy is introduced. The new formalism is applicable to complex time-dependent spectral intensity variations (dynamic spectrum) induced by Raman spectra response of sound and decayed teeth. A set of 2D correlation spectra is generated from such a dynamic spectrum. The synchronous 2D correlation spectrum represents coupled or related changes of spectral intensity variations, while asynchronous correlation and disrelation spectra represent independent or separate variations. Potential use of 2D correlation spectroscopy is now expanded to a very wide range of applications.
Figure 8:
Shows a typical unknown human teeth examination using Raman spectrum 2D correlation Algorithm (A) carious teeth detection plotted as a density and contour map, (B) sound teeth detection plotted as a density and contour map.
